Superconducting spintronics in hybrid superconductor-ferromagnet (S-F) heterostructures provides an exciting potential new class of device. The prototypical super-spintronic device is the superconducting spin-valve, where the critical temperature, T c , of the S-layer can be controlled by the relative orientation of two (or more) F-layers. Here, we show that such control is also possible in a simple S/F bilayer. Using field history to set the remanent magnetic state of a thin
I. INTRODUCTION
While traditionally considered competing phenomena, when artificially juxtaposed, there is a wealth of physics at the interface between superconductors (S) and ferromagnets (F).
Taking advantage of the competition between order parameters has lead to advances in the emerging field of super-spintronics [1] . By placing an inhomogeneous magnetic texture at the S-F interface, it is possible to create the so-called long ranged triplet component (LRTC) or finite spin Cooper pair. Unlike the singlet Cooper pair, the LRTC is not dephased by the exchange field and can therefore penetrate further into a proximitised F-layer. This opens the exciting possibility of performing spintronic logic operations on a dissipationless spin current [2] . Additionally, several breakthroughs in complex S-F heterostructures show promise as potential cryogenic memory elements. In such a scheme, information could be stored by the state of the system (superconducting or normal) [3, 4] or the ground-state phase difference between two S-layers in an S/F/S Josephson junction [5] [6] [7] [8] [9] .
The prototypical super-spintronic device is the superconducting spin valve. In this device, control of the magnetic state of the two F-layers in an S/F/F or F/S/F heterostructure can be used to tune the generation of the LRTC [10] [11] [12] [13] [14] [15] . The generation of the LRTC opens an additional conduction channel for Cooper pairs, resulting in the lowering of T c [16] . In our previous work we found this suppression of T c to be of the order 10-20 mK in a 3d ferromagnet/niobium device [13] , although other works have increased this effect; to 130-140 mK by carefully engineering both the superconducting layer and S-F interface [12, 15] , and to over 1 K by both introducing a half-metal as the bottom F-layer and changing the applied field orientation from an in-plane rotation to an in-plane to out-of-plane rotation [17, 18] . The manipulation of the F-layers in the superconducting spin valve requires careful engineering of the heterostructure and the rotation of the sample in an applied magnetic field. Under an in-plane field rotation it is possible to introduce experimental artefacts due to: vortex flow (if too high a current is applied, induced voltage from vortex flow will dominate the transport signal); non-uniformity of field (if the sample is not aligned correctly the out-of-plane field component will vary under rotation -modifying T c ); and temperature (a temperature gradient or local source of heating inside a cryostat is an important consideration when the sample is moving during measurement). Any of these can introduce a signal with the same periodicity as the signature of LRTC generation. A recent theoretical work considered that there exists a "half-select" problem in the multilayer spin valve approach, which may be negated in a simplified device [19] .
In this work we describe a simplified S-F hybrid system, where the superconductivity can be controlled by a single adjacent F-layer. The system only requires the ability to apply an external field in one direction (without the need for sample rotation) and we perform all our measurements in zero applied field, two distinct advantages over the superconducting spin valve. This is achieved by coupling a superconducting Nb layer to rare-earth ferromagnetic Er, which has a large number of metastable magnetic phases accessible with temperature or applied field. Previous work on holmium and dysprosium demonstrate the important role rare-earth ferromagnets will play in the implementation of superconducting spintronics in Josephson type devices [20, 21] and devices based on the control of T c [22, 23] . For example, Gu et al. demonstrated that an antiferromagnetic to ferromagnetic transition in Ho resulted in modification of the T c of an adjacent Nb layer of over 100 mK, however the exact mechanism involved in the T c shift was not established [22] . This work was later expanded by producing trilayer samples of Ho/Nb/Ho and Dy/Nb/Dy in which a spin valve like effect of 400 mK was discovered [23] . These works established the ability to control T c with the ferromagnetic texture in rare-earth ferromagnets, however lacked the theoretical description and the additional modification to the shape of the R(T) transition reported in this manuscript.
Er is a trivalent rare-earth metal (Z=68), with highly localised 4-f electrons and a hexagonal close packed (hcp) crystal structure. Competition between the RKKY indirect exchange interaction and the crystalline anisotropy, creates a rich magnetic phase diagram making this material ideal for the exploration of S-F proximity effects [24] [25] [26] [27] [28] [29] [30] [31] . Below the hightemperature paramagnetic phase (≈ 85 K), Er first gains a sinusoidal, c-axis modulated (CAM) anti-ferromagnetic phase. As the temperature is lowered, the magnetic wave vector of the CAM expands until ≈ 52 K. Below this temperature Er enters an 'intermediate' phase where the in-plane moments begin to order creating what has been referred to by Cowley et al. as an anti-ferromagnetic "wobbling cycloid" [27] . The magnetic cycloid repeat distance increases with decreasing temperature, through a number of stable commensurate phases, to 8 atomic layers. These states exhibit a ferrimagnetic moment. Finally, below 18 K a conical c-axis ferromagnetic phase is formed. We have been able to confirm that many of the magnetic states of bulk Er are reproducible in sputter deposited epitaxial thin films, and that these magnetic states can be controlled with either temperature or applied magnetic field [32, 33] .
II. METHODS
The films were deposited using DC sputtering in a system with substrate heaters mounted above each sample slot. At the highest temperature, the base pressure of the system is ≈ 10 −7 mbar. This pressure improves as the system temperature is lowered. nearest-neighbour distances along these axes [34] . Lu was chosen for the capping layer as it lattice matches well with Er (preventing additional strain being introduced), and unlike some traditional capping metals, such as Au, it can be deposited as a continuous layer at high temperatures [32] .
Magnetization loops and remanent magnetization, M r , were measured using a 6 T Quantum Designs SQUID-VSM magnetometer at 10 K. Electrical transport measurements were performed on sheet films using a conventional four point probe measurement configuration and employing two continuous flow As we have shown in our previous work, even in the thin film, Er has a highly complicated phase diagram [32, 33] . Through a combination of temperature and field, the Er can be placed in a number of metastable magnetic states. For an in-plane field, between 20 and 30 kOe Er undergoes a transition from the conical to a 'fan' magnetic state, canted into the direction of applied field. Subsequent removal of the applied field causes the Er to re-enter the conical state, however we argue the cone has now been modified and is canting in the direction of the external applied field, increasing M r . This canted conical state is shown schematically as the top mechanism in FIG. 1 
(b).
It is well known that finite-size effects play an important part for thin film rare-earths [36] .
The long-range nature of the RKKY interaction (up to 6th nearest neighbour) means that the reduced atomic coordination at the surfaces makes the spiral ends less robust against external perturbation, which clearly becomes more of an influencing factor for thinner films with a lower volume to surface area ratio [33] . It is, therefore, possible that, under the influence of an externally applied magnetic field, the spiral unwinds more readily at the surfaces and, being unable to overcome the energy barrier to reform the spiral, remains locally in the direction of the applied field. This is shown schematically as the bottom mechanism in FIG. 1 (b) . We calculate from the known thickness, saturation magnetization and expected moment per atom that 0.65 nm (or just over two atoms) remaining aligned at the interface would account for the observed M r (see SI FIG 1) .
The 'bulk' canted magnetic phase which leads to a net magnetization could be described by an effective exchange field if the coherence length inside the Er is (much) longer than the magnetic repeat unit of the helix, which is about 4 nm. On the other hand, the contribution of the surface moments to the total proximity effect is only considerable if the coherence length is short, comparable to the 0.65 nm effective Er thickness corresponding to aligned surface moments. The two mechanisms thus correspond to very different length scales of the coherence length inside the Er layer.
Resistance measurements on Er/Nb bilayers with various Er layer thicknesses suggest an approximate coherence length of 10 nm (see SI FIG 2) and in a related Ho system the coherence length was estimated to be 30 nm [23] . This distance is far greater than 0.65 nm and is long enough to allow the Cooper pair to experience multiple helicies. It is, therefore, most likely that the Er undergoes the 'bulk' transition to a new canted magnetic phase, which is retained at zero field, and that this is the origin of the suppression in T c .
B. Modelling of ∆T c vs. M r
To investigate the effect of an increased bulk remanent magnetisation, we model it as an effective exchange field (J z ) in the F layer, which we can then link directly to the suppression in T c .
Using the quasiclassical theory for superconductivity in the dirty limit (electronic mean free path much shorter than the phase coherence length), we calculate the critical temperature of a Er/Nb bilayer as function of an effective exchange field inside the Er. We take the Table 1 .
where G and F are the quasiclassical normal and anomalous Green functions respectively, both functions of (x, ω n ), and ∆ (x) is the order parameter. The matrix Green function satisfies the normalization conditionǧ 2 =1 and the order parameter must be solved self-11 consistently satisfying the gap equation:
with T c0 the bulk critical temperature. We use the interface boundary conditions as formulated by Nazarov [38] which for the interface between two materials with labels l, r for the layer on the left and right side of the interface respectively can be written as:
, with σ i the conductivity of layer i, 
V. DISCUSSION
Rare earth ferromagnets, such as Er, offer a plethora of magnetic configurations in which a Cooper pair (coherent with a neighbouring proximity coupled superconductor) can experience magnetic disorder. As a conical ferromagnet, Er is a theoretically ideal system in which to generate and study proximity effects induced by an additional LRTC [39] . In this work it is expected that all R(T) measurements were performed when the Er was in a disordered magnetic state. It is therefore not possible to directly attribute LRTC generation to the observed ∆T c . In comparison to the superconducting spin valve, which has a clean LRTC on/off mechanism (as magnetic inhomogeneity is carefully engineered from otherwise homogeneous magnetic layers), our proposed origin of M r cannot provide such a switching mechanism. The canting of the magnetic state into the direction of applied field is unlikely Some common explanations for step-like features in the transition curves can be ruled out for our system. The sputtering technique employed in this work is unlikely to create a 13 significant thickness gradient. To check the uniformity of the films, a 20×20 mm film was diced into several pieces and X-ray reflectivity was performed. A 5% variation in thickness was observed, this variation is only slightly greater than the error in individually calculated thickness by fitting to Keissig fringes. By comparison, the sample size for transport measurements was only 3×3 mm, where uniformity in film thickness will be very high.
Crystallographic inhomogeneity is a further possibility, but again unlikely. We examined a possible current (heating) dependence of the step-like features using currents ranging from 100 nA up to 1 mA, but found no such evidence and current induced local heating can thus be ruled out. There are no known Nb-Er alloys and in our previous reflectivity work we observed no evidence for intermixing at the interface [33] , as Co (see for example [13] ).
Step domain (Co/Pt) n /Nb multilayers where it appears that the step shape can be modified by defining a current path parallel (no inhomogeneity -no step) or perpendicular (inhomogeneity -step) to the stripe domains [41] .
While the exact origin of the step is unknown, it appears linked to the S-F proximity effect in all examples above. In this work we observe, in the upper panel of FIG. 3 , that the height of the step as a fraction of the transition is field history dependent. This step height change occurs at a different field than the largest changes in M r and ∆T c . While the change in step height does not appear to be intrinsically linked to the change in T c , it is still clearly linked to the magnetic state of the Er layer. This further supports that the origin of the step is a fundamental feature of the S-F proximity effect, requiring theoretical description.
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VI. CONCLUSIONS
In summary, the remanent state of Er, when proximity coupled to a Nb superconductor, can have a strong influence on T c . The application of magnetic field is able to change the metastable magnetic state of the Er from a conical to fan state. This modification results in a fundamental change to the shape and temperature of the superconducting transition to zero resistivity.
We hope the observation of this unconventional effect proves fruitful for refinement of S-F theory, particularly with the lack of current description of the stepped transition observed in this (and many similar) systems.
A shift in T c of 140 mK is much larger than previously observed for singlet domain wall effects and is comparable to the largest observed by the generation of the LRTC in the context of the superconducting spin valve with 3d ferromagnets. This system fulfils the requirements for cryogenic memory based upon the proposed architecture of Oh et al.
[3], and we offer this materials system as a candidate for future super-spintronic device application.
